Severity of disease caused by Leishmania major depends on the genetics of the host. Early induction of T helper cell type 1 (Th1)-type responses in resistant C57BL/6 mice and T helper cell type 2 (Th2) in susceptible BALB/c mice is thought to determine cure or disease respectively. We have mapped three loci that confer susceptibility or resistance upon congenic mice on the C57BL/6 or BALB/c backgrounds. Here we examine the histopathology and production of interleukin 4 (IL-4) and interferon gamma (IFN-g) in the skin and draining lymph nodes in the congenic and parental mice. We show an evolving granuloma with a staged infiltration of inflammatory cells, but no difference between the groups. As an indication of an earlypolarised Th1/Th2 response we measured IFN-g and IL-4 in the lymph nodes and found no difference between any of the mice during the first 48 h. During infection, the level of IL-4 correlated with the lesion size, indicating that IL-4 reflects the disease severity rather than controls it. Considering this effect, B6.C(lmr1,lmr2) mice had similar cytokine levels to the parental C57BL/ 6 mice despite increased susceptibility and C.B6(lmr1,lmr2) were similar to BALB/c despite increased resistance. We conclude that the lmr loci affect disease severity by a mechanism independent of conventional helper T-cell responses.
Introduction
The first demonstration that the balance of T helper cell responses determines the severity of the pathology in an infectious disease model came from studies on murine cutaneous leishmaniasis caused by infection with Leishmania major. A large number of studies have shown that susceptibility to disease in BALB/c mice correlated with the dominance of interleukin 4 (IL-4)-driven T helper cell type 2 (Th2)-type responses, while resistance in C57BL/6 mice correlated with the dominance of interferon gamma (IFN-g)-driven T helper cell type 1 (Th1) responses. 1, 2 However, as pointed out by Sacks and Noben-Trauth, 3 the simplicity of this model has begun to be challenged. For example, there are data indicating that IL-4 is not sufficient to mediate progressive disease, 4 nor is it essential for the induction of Th2 responses 5 and ablation of IL-4 or IL-4 signaling in BALB/c mice does not necessarily lead to resistance. 6 Studies are underway in many laboratories to map the genes that determine susceptibility to leishmaniasis in the expectation that they may help identify mechanisms of polarisation of the T helper cell responses. Although linkage to L. major response phenotypes has been mapped to loci on chromosomes 5, 6, 9, 10, 11, 15, 17 and X, [7] [8] [9] [10] [11] the relationship between these loci and the control of the polarisation of T cell responses in response to L. major has not been determined. We used a genome-wide scan on two large populations of F2 mice created from a cross between the susceptible BALB/c and the resistant C57BL/6 strains, and showed that susceptibility to disease caused by intradermal infection at the base of the tail with L. major is controlled by two autosomal loci: lmr1 on chromosome 17, and lmr2 on chromosome 9 9 as well as a third locus, lmr3 on the X chromosome (lmr: Leishmania major response genes). 10 In a recent study we described the production of mice congenic for each of these regions singly, and animals congenic for both lmr1 and lmr2. We showed that these loci contribute significantly to the disease phenotype, thus providing direct proof of their involvement in susceptibility to infection. 12 Our data showed that at the late stage of infection, despite significant differences in disease severity between the parental and congenic mice, surprisingly, there was no difference in the cytokine pattern produced in the draining lymph nodes. The current study was undertaken to examine the cell type and cytokine profile at the site of lesion development in the skin and in the draining lymph nodes throughout the course of the disease in the parental and congenic mice.
Materials and methods
Mice BALB/cAnBradley, C57BL/6J and congenic mice were bred under strict specific pathogen free conditions and maintained in conventional clean rooms at the Walter and Eliza Hall Institute of Medical Research. Female mice were aged 7-9 weeks at the beginning of the experiments described here. Congenic mice have been described elsewhere. 12 Briefly, C.B6-(lmr1,lmr2) mice have a BALB/c background and C57BL/6 congenic intervals containing lmr1(Chr. 17, 0-approx 50 cM) and lmr2 (Chr. 9, 0-25 cM) with the proximal end of the congenic interval D17Mit57-D17Mit39, and the distal end D9Mit89-D9Mit329. B6.C-(lmr1,lmr2) mice have a C57BL/6 background and BALB/c intervals containing lmr1 (Chr. 17, 0-56 cM) and lmr2 (Chr. 9, 0-approx 30 cM) with the proximal end of the congenic interval D17Mit57-D17Mit129, and the distal end D9Mit89-D9Mit71. The C57BL/6 allele at lmr3 (proximal end of the congenic interval DXMit55 and the distal end DXMit249) is the 'susceptibility' allele; therefore, B6.C-(lmr1,lmr2) mice carry 'susceptibility' alleles at lmr1-3 and C.B6-(lmr1,lmr2) mice carry all three 'resistance' alleles.
Parasites
A virulent cloned line, V121, derived from the L. major isolate LRC-L137 (MHOM/IL/67/JerichoII) was used in all infections. Promastigotes were maintained in vitro at 261C in the biphasic blood agar culture NNN and used in stationary phase of growth. 13 Virulence of the stabilate was maintained by frequent passaging through mice.
Infection
Mice were infected intradermally at the base of the tail 14 with 10 6 L. major V121 promastigotes in the stationary phase of growth. The disease progression was monitored weekly. A score from 0-4 was given to each mouse at each weekly time point based on the diameter of the lesion as described by Mitchell et al. 15 Mice were killed when they exceeded a lesion score of 4.
All experiments were carried out in compliance with the Australian National Health and Medical Research Histopathological examination of skin tissue Skin biopsies were taken by a 4 mm punch biopsy from the site of intradermal infection near the base of the tail at 4, 8, and 24 h and 2, 6 and 10 weeks postinfection. The biopsied skin patches centred on the site of infection but extended beyond the site.
One half of each biopsy was fixed in 10% formalin and embedded in paraffin. In total, 5-mm tissue sections were stained with haematoxylin and eosin (H&E) to study the microarchitecture by light microscopy and the density of the inflammatory infiltrate in the dermis and the presence or absence of parasites was determined. The other half of the biopsy was embedded in the optimal cutting temperature compound (OCT, Tissue Tek, USA), snap frozen in liquid nitrogen and stored at À701C. In total, 5-mm sections were cut, air-dried and fixed in cold acetone for immunohistochemistry.
Immunophenotyping of the cellular infiltrate was done using the following monoclonal antibodies: CD4T cells (GK1.5), CD8T cells (53-6.7), dendritic cells (NLDC 145), macrophages (F4/80), B cells (B220, RA3-6B2). Cytokine expression in the dermal lesions was assessed using the following monoclonal antibodies: IL-4 (11B11), IFN-g (HB-170), IL-10 (SXC-1), IL-12 (C17.8).
Immunohistochemical staining used the Avidin Biotin Peroxidase system (ABC Vectastain kit, Vector Laboratories, Burlingame, CA, USA). Sections were hydrated in phosphate-buffered saline (PBS), and nonspecific binding was quenched by incubation in normal horse serum for 30 min before incubation with the specific antibody for 2 h. After washing, sections were incubated with biotinylated anti-mouse or rat antibodies for 30 min, washed and incubated with the Avidin Biotin reagent for 30 min. All incubations were carried out at room temperature. Diaminobenzidine (DAB) in PBS with hydrogen peroxide was used for detection. Sections were counterstained with Harris haematoxylin.
Determination of cytokine mRNA levels by Real-time PCR Mouse tissue was immersed in RNALater (Ambion) to stabilise the RNA for later processing. RNA was extracted using Trizol, according to the manufacturer's instructions.
RNA was reverse transcribed to produce cDNA for subsequent analysis by real-time PCR. In all, 1 mg total RNA was reverse transcribed with Superscript II Reverse transcriptase (Stratagene) and dT 15 primer (Sigma Genosys) according to the manufacturer's instructions in a 20 ml reaction volume. cDNA was then aliquoted and stored at À201C.
Primers for the housekeeping gene porphobilinogen deaminase (PBGD) and for each cytokine were designed to flank an intron, to produce a PCR product of between 97 and 107 base pairs, to have a melting temperature of 601C, GC content of around 50% and length of around 20 bases (Table 1 ). All primers were HPLC purified to remove any impurities and failure products that could lead to nonspecific amplification.
PCR was carried out using the protocol suggested by Roche in capillaries in the LightCycler. Each reaction included: 1 Â FastStart Master mix (containing Taq Leishmaniasis: genetics, inflammation and cytokines C Elso et al polymerase, dNTPs, buffer and 1 mM MgCl 2 ), 0.5 mM primer, MgCl 2 to the appropriate concentration, 2 ml of cDNA and water to 20 ml. The cycling conditions were as follows: 10 min at 951C, then 40 cycles: 951C for 10 s, at 601C for 5 s and at 721C for 4 s. A fluorescence reading was taken at the end of each elongation step. Melting curve analysis was performed to ascertain the specificity of the reaction. For the determination of expression levels, the external standard curve function of the LightCycler V5 software, comparing known starting template concentration and crossing point of the PCR, was used. Either the ratio between levels of IFN-g and IL-4 was taken or samples were normalised to the house keeping gene, PBGD; the expression and a fold increase over uninfected C57BL/6 or BALB/c mice (calibrator) were calculated as follows: (sample PBGD/calibrator PBGD)/(sample product/calibrator product), using the Lightcycler V5 and RelQuant software (Roche). The increase in normalised samples from infected mice compared to normalised samples from uninfected mice was used rather than absolute quantitation because of inter-run variation, a feature that has been reported in other systems. 16 Log transformed results were plotted and analysed using analysis of variance and the t-test. Results were corrected for multiple testing using a Bonferroni correction. The P-values for all differences in cytokine mRNA levels between strains mentioned in the text was less than 0.05. The relationship between strain, lesion size and cytokine mRNA levels was investigated by fitting a general linear model using the statistics software MiniTab 10.5. This allowed the relationship between mRNA levels and lesion size to be compared between the strains.
Results
Our previous studies established that there was no difference between the congenic mice and the parental controls in the level of Th1-or Th2-type cytokines produced 12 weeks after infection when the difference in the severity of disease was at its most extreme. 12 In the current study, we investigated the cytokine expression in the draining lymph nodes and the skin, early and throughout infection. We also examined the type and cytokine profile of the cellular infiltrate at the site of infection during this extended period.
Expression of mRNA for selected cytokines and cytokine receptors in the draining lymph nodes in the first 24 h after infection The data obtained in the footpad model 17 indicated that a strong increase in IL-4 production during the first 24 h after infection of the susceptible BALB/c mice was the cause of the inability of these mice to cure infection. Therefore, expression of IL-4 and IFN-g mRNA in the draining lymph nodes was measured at 8, 16 and 24 h postinfection. Surprisingly, over this period no increase in cytokine expression compared to uninfected controls was observed, and no difference in cytokine levels between any of the strains was detected, including BALB/c mice ( Figure 1 ). Similarly, there was no significant difference in the expression of mRNA encoding IL-4, IFN-g, IL-10, IL-12p35, IL-12p40, IL-10Ra and IL-12Rb2 in the draining lymph nodes at 48 h after infection (data not shown).
Expression of cytokines in the draining lymph nodes during the course of infection
In view of the results described above, we examined the expression of cytokines in the draining lymph nodes from week 1 to 8 of infection. In initial experiments using a small number of mice, no difference between the congenic mice and their parental controls could be detected at 2 and 4 weeks postinfection in the expression of IFN-g, IL-4, IL-10 and IL-12, except a small increase in the expression of IL-4 and IL-10 in B6.C-(lmr1,lmr2) mice compared to C57BL/6 mice (data not shown). To confirm these results, the expression of IFN-g and IL-4 was measured at 1, 2, 4, 6 and 8 weeks postinfection (Figure 2 ). The expression levels of IL-4 were lower in the BALB/c mice compared to the other strains at week 1. At week 2, when the first detectable lesions appeared, the cytokine levels were similar for all strains. On week 4, as the lesions started to cure in the C57BL/6 mice, the level of IL-4 decreased compared to the BALB/c mice. The examination of the congenic mice on the BALB/c promastigotes of L. major. Expression levels were quantitated using real-time fluorescence PCR. The data was obtained from three mice at each point and normalised to the house keeping gene PBGD expression and expressed as log 10 fold increase compared to uninfected controls. The symbols represent BALB/c mice ('), C57BL/6 (m), B6.C-(lmr1,lmr2) (~), C.B6-(lmr1,lmr2) (K).
background showed no statistically significant difference in the expression of IL-4 between the parental and the congenic C.B6-(lmr1,lmr2) at any time point. On the other hand, B6.C-(lmr1,lmr2) mice had consistently higher IL-4 expression compared to C57BL/6 mice in weeks 4, 6 and 8, but this was lower than expression in BALB/c and C.B6-(lmr1,lmr2) mice.
In view of our earlier observation of a correlation between the size of the lesion and the IL-4 expression levels 12 weeks postinfection, 12 the relationship between strain, lesion size and IL-4 mRNA levels from week 4 to 8 was investigated by fitting a general linear model using the statistic software MiniTab 10.5. This analysis indicated that about 70% of the difference observed between the strains could be accounted for by differences in the lesion scores of these mice (data not shown).
The expression of IFN-g in the draining lymph node showed a sustained increase in all mice over the entire period of observation. During the first 2 weeks of infection there was little difference between any of the groups, but from week 4 of infection, mice on the BALB/ c background showed consistently lower levels of IFN-g compared to those on the C57BL/6 background. However, no differences were observed between the parental and congenic mice of either genotype (Figure 2 ).
Expression of cytokines in the skin during the course of infection
In addition to analysing the cytokines present in the draining lymph nodes following infection with L. major, we investigated the levels of IL-4 and IFN-g mRNA present in the skin at the site of infection. In order to standardise the size and location of the tissue analysed, a 4-mm punch biopsy was taken at the site of parasite injection or, where a lesion was already evident, the site of the lesion. RNA was prepared from this tissue and relative quantitation of IL-4 and IFN-g mRNA expression was determined as for the draining lymph nodes (Figure 2) . Interestingly, the profile of expression was different in the skin compared to the lymph nodes.
Expression levels of both cytokines in the skin of all four groups of mice increased rapidly during the first 4 weeks postinfection, and then declined irrespective of whether the lesions were beginning to cure or not.
The cytokine mRNA expression levels in the skin were extremely variable within each group for the first 2 weeks postinfection, but no difference could be detected between the groups except that at 1-week postinfection, C.B6-(lmr1,lmr2) had lower expression of both IL-4 and IFN-g compared to the other groups including the uninfected control. No difference was detected between the BALB/c and the congenic C.B6-(lmr1,lmr2) mice at any other time. From week 4 onwards, B6.C-(lmr1,lmr2) mice had higher levels of IL-4 expression than the parental C57BL/6 mice similar to the situation in the draining lymph nodes. Once again, fitting a general linear model to the data, 86% of the difference in IL-4 expression between the groups could be accounted for by the difference in the size of the lesion (data not shown). Interestingly, B6.C-(lmr1,lmr2) mice had higher levels of IFN-g than C57BL/6 mice in the skin but not the lymph nodes at weeks 6-8.
Histopathological examination of skin lesions
We wished to evaluate the data provided by mRNA expression in the context of the cellular phenotype in the skin at the site of infection at the early time points of 4, 8 and 24 h and later, after 2, 6 and 10 weeks of infection. The parameters examined were the density of the inflammatory infiltrate in the dermal site, the presence or absence of parasites, the types of cells infiltrating the lesions and their cytokine profile.
Parasites
No parasites could be detected by microscopic examination of biopsies stained with Giemsa or haematoxylin and eosin, in any of the mice 4 h after injection of parasites. Parasites could be detected 8 h after infection and by 2 weeks after infection all four strains of mice had significant numbers of parasites in the skin lesions. The 6 promastigotes of L. major. Expression levels were quantitated using real-time fluorescence PCR and expressed as in Figure 1 . The data was obtained from three mice at each point except for IL-4 at week 2, 4 and 6, when the number of mice tested was 9, 7 and 7 respectively. The symbols represent BALB/c mice ('), C57BL/6 (m), B6.C-(lmr1,lmr2) (~), C.B6-(lmr1,lmr2) (K).
Leishmaniasis: genetics, inflammation and cytokines C Elso et al C57BL/6 and the B6.C-(lmr1,lmr2) mice appeared to have cleared the parasites by week 6, whereas the BALB/c and C.B6-(lmr1,lmr2) mice showed persistence of parasites in the lesions even at week 10 after infection (data not shown).
In the early stage lesions, the few parasites that could be detected were in small vacuoles. At later stages of lesion development, larger groups of intracellular parasites were observed and the vacuoles harbouring them were much larger. Late lesions also showed some parasites in fibroblasts (data not shown). Figure 3 shows examples of the density of inflammation at various time points at the site of infection in the skin as detected by histopathological examination. The degree of inflammation was classified as sparse, moderate and dense based on the percentage of dermis occupied by the inflammatory cells which was o20%, 20-70% and 470% respectively. At 4-8 h after infection, all four strains showed a sparse infiltrate (Figure 3) . By 24 h, the inflammation was moderate in all strains. At 2 weeks, the inflammation was dense in all strains except the C57BL/6 mice, which showed a dense inflammation only at the 6 weeks time point. The inflammation continued to be dense at 10 weeks in the BALB/c and somewhat more moderate in the C.B6-(lmr1,lmr2) groups of mice while it reduced significantly in the C57BL/6 and moderate in the B6.C-(lmr1,lmr2) strains of mice ( Figure 3) . The data confirm the difference in susceptibility described for the parental mice, and indicate that the severity of disease, as reflected by the healing of the lesion, was affected by the congenic interval as described previously. 12 
Density of inflammation

Cell types present in the skin
The cell population detected in the dermis at the site of infection after eosin and haematoxylin staining comprised neutrophils, lymphocytes, macrophages, fibroblasts and eosinophils (data not shown). There was a predominance of neutrophils at early time points (4 and 8 h postinfection). These were replaced by a predominant lymphocyte population at 24 h. By 2 weeks, lymphocytes and macrophages appeared in almost equal proportion. Macrophages exceeded all other cell types in the lesion by week 6. By week 10 along with the macrophages, there was also a significant number of fibroblasts and eosinophils present in the lesion. However, no consistent difference was observed in the cell populations detected in the skin between the four strains of mice.
In addition to the morphological examination of the cellular infiltrate, we examined the local distribution in the dermis at the site of infection of CD4 þ and CD8 þ T cells, B cells, macrophages and dendritic cells. Positive staining was observed with all the antibodies tested, thereby confirming the presence of all these cells types in the infiltrate (data not shown). CD4 þ T cells could be detected 24 h after infection, with a maximum abundance at 2-6 weeks and decreasing by 10 weeks. Dendritic cells (positive for MHC class II and CD11c) were observed at 24 h, were prominent at 2 weeks, but were reduced by 6 weeks and were not detected at 10 weeks. Macrophage numbers were minimal at 24 h and 2 weeks after infection, but were prominent at the subsequent time points. In the case of CD8 þ T cells and B cells, their number remained relatively constant throughout the period of observation (data not shown). A semiquantitative estimation of the proportion of each cell type in the Figure 3 The density of inflammation as detected by histological examination of skin at 4, 8, 24 h and 2, 6 and 10 weeks after infection with 10 6 L. major promastigotes. Since there was no difference in the pattern observed in the four strains of mice, the images showing the best tissue morphology were chosen irrespective of derivation, except for the 10-week time point which showed a difference between the parental strains and between the parental and congenic mice. Panels a, c, e, g, i, k, l, m and n are at a magnification of Â 40; panels b, d, f, h and j are at Â 100. Panel l represents the sparse infiltrate in the healed skin in a C57BL/6 lesion at 10 weeks postinfection, while k shows the dense infiltrate in a florid BALB/c lesion at the same time point. Panels m and n show the moderate infiltrate in the skin of congenic C.B6-(lmr 1, lmr 2) and B6.C-(lmr1, lmr2) mice respectively at the 10-week time point. different groups of mice showed no significant difference between the groups.
Cytokines at the site of infection
We used immunohistochemistry of the skin infection site to examine the abundance of cells producing the four cytokines IL-4, IL-10, IL-12 and IFN-g. Figure 4 shows an example of the degree of intracellular staining in lymphocytes and macrophages 2 weeks after infection.
The data obtained at different time points from the four groups of mice is summarised in Table 2 . No cytokine staining was observed at the early 4 and 8 h time points. Cytokine-expressing cells were first detected 24 h after infection. In the BALB/c and its congenic strain cells producing the Th1-type cytokines IL-12 and IFN-g, and the Th2-type cytokines IL-4 and IL-10 were clearly detectable 24 h after infection. Although this is only a semiquantitative estimation of the number of cells staining positive, it was surprising that the IFN-g and IL-12 producing cells seemed to be more abundant in these strains than the cells producing Th2-type cytokines. In contrast to the situation in the mice on the BALB/c background, in the C57BL/6 mice cells producing IL-4 and IFN-g were the only detectable cells at the 24 h time point and they were only weakly stained (Table 2) . At this time, in the congenic B6.C-(lmr1,lmr2) mice, only cells producing IL-10 could be weakly detected.
The number of cells producing cytokines in the infection site gradually increased with time, and at 2 weeks after infection all four strains of mice showed a positive reaction of similar intensity for both the Th1 and Th2 cytokines examined. The similar abundance of cytokine producing cells at 2 weeks was reflected in the level of cytokine mRNA detected by real-time PCR described above. Small differences in the abundance of some of the cytokine producing cells between the different strains of mice were observed at later time points, but they were not significant (data not shown).
Discussion
Cytokine expression has been shown to play an important role in the outcome of disease caused by L. major infection in mice. The cytokine expression has been used as an indicator of the type of T-cell response mounted after infection. IL-4 and IL-10 expression have been used as indicators of a Th2-type response implicated in disease exacerbation, while IFN-g and IL-12 are the cytokines associated with the Th1-type response and cure. 3, 18, 19 We wished to investigate whether differences in the cytokine response to intradermal infection at the base of the tail could be observed in mice congenic for three disease susceptibility loci that we have identified and named lmr1-3.
9,10 Differences in response attributed to the lmr loci could then provide some clues as to the mechanism involved in their effect on the disease outcome.
In a recent study, we measured IFN-g and IL-4 from RNA extracted from the draining lymph nodes of mice late in infection when the disease outcome, and presumably the T cell response, had been clearly determined. 12 According to current concepts, mice exhibiting a Th2-type response would be expected to produce large amounts of IL-4 and therefore the IFN-g to IL-4 ratio would be low. Conversely, mice with a Th1 response would have a high ratio of IFN-g to IL-4. This is precisely what we observed in the C57BL/6 and BALB/c parental animals, supporting the data in the foot pad or ear model of infection, and indeed our own data using the base of the tail model. 20, 21 However, contrary to predictions, the C.B6-(lmr1,lmr2) mice had a low ratio of IFN-g to IL-4 similar to the parental BALB/c mice and B6.C-(lmr1,lmr2) mice followed the parental C57BL/6 phenotype, exhibiting a high ratio of IFN-g to IL-4 mRNA. This indicated that the congenic mice, while differing in disease severity from their parental strain, displayed a T helper type of cytokine response that was characteristic of the parental strain. Figure 4 Immunohistochemical detection of Th1-type cytokines IFN-g, IL-12 and Th2-type cytokines IL-10 and IL-4 in skin biopsies taken 2 weeks after infection, by monoclonal antibodies as described in Materials and Methods. The magnification was Â 400 and the inset Â 1000. 
The number of positively stained cells was estimated after counting 500 cells in about 10 fields at a magnification of Â 1000. + indicates that less than 50% of cells counted showed positive staining with antibodies to the relevant cytokine; ++ indicates that more than 50% of the cells were positive.
Leishmaniasis: genetics, inflammation and cytokines C Elso et al Given that no difference was seen in the established stage of infection, in the current study we set out to systematically examine the pattern of cytokine production from a very early time following parasite injection and throughout the disease progression. It was surprising to note that over the first 24 h period at the initiation of infection, no difference in the traditional Th1 or Th2 cytokine mRNA in the lymph nodes draining the site of infection was observed between any of the strains of mice tested. There was also no increase in the mRNA for these cytokines in the infected compared to control uninfected mice. This is in contrast to previously published observations made in the murine model using subcutaneous infection in the footpad, where a rapid and intense production of IL-4 was detected in the draining lymph nodes of BALB/c mice but not mice of resistant strains. 17, 22, 23 In addition, although cytokine producing cells were detected in the skin at 24 h by immunohistochemistry, a similar number of IL-4 producing cells was observed in both C57BL/6 and BALB/c mice. The discrepancy in the early IL-4 production may be related to the different model of infection used, since there is evidence that the route of infection may lead to different disease phenotypes and different cytokine profiles. 21, 24 It was also surprising to note that there were more Th1 cytokine producing cells at the 24 h time point at the infection site in the susceptible BALB/c and its congenics compared to the C57BL/6 and its congenics. However, there is evidence that, paradoxically, the presence of IL-4 during the initial activation of dendritic cells may be required for the induction of Th1 immune responses. 23 The pivotal importance of IL-4 production for the establishment of a host protective or deleterious immune response to L. major has recently been re-examined, 3, 25 and concludes that factors other than the conventional CD4 þ cells and their cytokines may contribute significantly to the disease phenotype. [26] [27] [28] One such factor may be the CD4 þ CD25 þ regulatory T cells that have recently been shown to be critically important to the establishment of infection in the BALB/c mice as well as to parasite persistence in the C57BL/6 mice. 29, 30 Interestingly, depletion of the CD25 þ T cells had no effect on disease manifestations in the genetically resistant C57BL/6 mice. 29 Another factor that may contribute significantly to the outcome of infection is the innate immune system and its interaction with the adaptive immune system. 23, 31, 32 This modified view was supported by examination of the expression of IL-4 and IFN-g in the lymph nodes at several time points between the two extremes of the early hours of initiation of infection and the late stages of established disease. In the case of IFN-g, there was a difference in expression based only on the background strain of the mouse tested. No difference was observed between the parental control and congenic mice. In contrast, a difference in the level of IL-4 mRNA expression could be detected during the peak of infection between C57BL/6 and B6.C-(lmr1,lmr2) mice, but not between BALB/c and C.B6-(lmr1,lmr2) mice.
We have previously shown a correlation between the IL-4 level and the size of the lesion of individual genetically identical mice. This indicates that the IL-4 levels in these mice are not controlled by genetic differences but are rather tied to the level of pathology in individual animals. Statistical analysis indicated that the majority of the observed difference in IL-4 expression levels between C57BL/6 and B6.C-(lmr1,lmr2) from week 4 to 8 could be accounted for by a difference in lesion size between the mice of the two strains and therefore was not a consequence of their genetic differences. Comparison of expression of mRNA encoding IL-4 and IFN-g in the skin between the congenic and parental mice showed no difference between BALB/c and C. B6-(lmr1,lmr2) . B6.C-(lmr1,lmr2) mice had higher levels of IL-4 mRNA expression from weeks 4 to 8 and higher levels of IFN-g expression in weeks 6 to 8 compared to C57BL/6 mice. Surprisingly, the increased level of mRNA encoding IFNg observed in the skin but not in the draining lymph nodes in B6.C-(lmr1,lmr2) mice seems to be temporally associated with the presence of lesions. Similar to the draining lymph nodes, the majority of the difference in IL-4 levels between the strains could be accounted for by considering the lesion size as a factor in the analysis.
Analysis of IL-4 and IFN-g expressions in the skin at the site of infection showed a different pattern of expression over the course of infection compared to that seen in the lymph nodes. Higher expression levels of both cytokines were observed in the skin, peaking at week 4 and then decreasing. In contrast, in the lymph nodes there was a steady increase in the expression of IFN-g over the 8 weeks. IL-4 expression increased over the entire period of observation in mice on the BALB/c background, but decreased in the first active period of infection in mice on the C57BL/6 background with a subsequent increase in the later stages in mice with active lesions.
It is possible that the different cytokine profiles seen in the skin and lymph nodes reflect the transfer of the focus of the immune response from a very intense and rapid local response in the skin to a systemic response reflected in the levels of expression seen in the lymph nodes. This is supported by the histopathology observed at the site of infection. The histopathology showed a picture of an evolving granuloma formation with the staged infiltration of polymorphonuclear leukocytes, dendritic cells, macrophages, CD4 þ T cells and B cells, similar to that described by Matte et al 33 in an air pouch system. There did not seem to be much difference in the make up or kinetics of the cellular infiltrate detected in the skin between any of the four strains of mice.
The correlation between IL-4, representing a Th2-type response, and lesion score observed within a cohort of genetically identical mice raises an important question. Does the IL-4 in the mouse induce disease, or does the level of disease affect IL-4 levels? Is the IL-4 the cause or the effect of the pathology?
If a Th2 response causes disease, it would be expected to appear and act early in infection, before the appearance of lesions. This has been the paradigm supported by the data from BALB/c mice infected in the foot pad. 2, 34 In the current study, the increased level of IL-4 mRNA expression in B6.C-(lmr1,lmr2) mice is seen from week 4 onwards. A difference in lesion score between the parental and congenic mice becomes apparent at about the same time (this study and Elso et al).
12 Therefore, higher levels of IL-4 are present concomitantly with the manifestation of disease.
In the ear model of disease, the detection of IL-4 expression has been reported in the quiescent period after infection of mice with very low numbers of parasites before the appearance of lesions. However, in that model, lesion formation takes 6 weeks to develop. It is only seen when the site of infection is invaded by an influx of inflammatory cells, which is accompanied by an increase in the expression of mRNA for Th1 cytokines. 35 Both sets of data would argue against IL-4 expression causing the initiation of pathology at least in these models of disease. Therefore, we conclude that the high level of IL-4 expression observed in our study is the result rather than the cause of the pathology that is seen in these mice.
The fact that IL-4 levels correlate with lesion size independently of the effect of the lmr1-3 loci, and the fact that including the lesion score as a factor in the statistical analysis accounts for the majority of the difference in IL-4 levels observed between C57BL/6 and B6.C-(lmr1,lmr2) mice, indicates that very little, if any, of the IL-4 effect could be attributed to these loci. The small difference in IL-4 levels remaining between the strains that cannot be accounted for by lesion score may indicate a minor role for the lmr loci in IL-4 levels, or it could be due to the effects of environmental variation on IL-4 expression in individual mice.
In summary, this series of experiments provides evidence that the major mechanism by which the lmr1-3 loci affect disease in the intradermal-base of the tail model is not by altering the Th1/Th2 response to infection with L. major.
